The growth and development of the vertebrate limb relies on homeobox genes of the Hox and Shox families, with their independent mutation often giving dose- 
INTRODUCTION
THE vertebrate limb is a valuable model for studying the genetic coordination of a complex developing structure. The proximodistal axis of the limb is comprised of discrete segments, the growth and development of which are selectively perturbed when individual, or combinations of, homeobox genes are disrupted. In mice, mutations of the paralogous Hox9 and Hox10 genes result in shortened stylopodal elements (containing the humerus and femur) (Fromental-Ramain et al. 1996a; Wellik and Capecchi 2003) , deletions of Hox11 genes result in truncated zeugopodal elements (radius/ulna and fibula/tibia) (Davis et al. 1995; Wellik and Capecchi 2003) , and disruption of Hox13 genes results in agenesis of the autopod (metacarpals/metatarsals and the digits) (Fromental-Ramain et al. 1996b ). Mutation of Short-stature homeobox (or Shox) genes similarly gives rise to the disproportionate shortening of certain limb regions. In humans, loss of SHOX leads to the truncated zeugopod elements found in people with Leri-Weill, Turner, and Langer syndromes (Belin et al. 1998; Rao et al. 1997; Shears et al. 1998; Zinn et al. 2002) . While rodents have uniquely lost the Shox gene among mammals (Gianfrancesco et al. 2001) , disruption of the widely conserved Shox2 gene results in severely shortened stylopodal elements in mice (Cobb et al. 2006 ). Thus, Hox and Shox gene perturbations each give rise to regional phenotypes along the proximodistal axis, suggesting the possibility that these genes function together during limb development.
Limb chondrogenesis begins following the early stages of limb bud formation, where mesenchymal cells condense, and differentiate into Col2a1-expressing chondrocytes. After a proliferative phase, the chondrocytes nearest the middle of the element stop dividing, undergo hypertrophy, and express Col10a1, a process that is associated with elongation of the skeletal element (Karsenty and Wagner 2002) . Surrounding the chondrocytes is a layer of flattened and elongated cells, the perichondrium, that influences the developmental progression of the cartilage cells and is furthermore important for growth (Kronenberg 2007) . Runx2, which is expressed both by chondrocytes and the perichondrium, is essential for proper chondrocyte hypertrophy and the formation of osteoblasts, thus being important for both the proper development of the cartilage template and its eventual replacement by bone (Otto et al. 1997; Yoshida et al. 2004) . As mutation of Shox2 or Hox genes results in a strong reduction or loss of Runx2 expression, a lack of chondrocyte maturation likely underlies regional shortening in these animals (Boulet and Capecchi 2004; Cobb et al. 2006; Gross et al. 2012; Villavicencio-Lorini et al. 2010 ).
The regulation of individual Hox and Shox genes follows precise spatial and temporal patterns of gene expression in the limb. The regulation of Hox genes has been intensively studied, showing that their expression occurs in two main
phases. An early phase of gene expression that is associated with the development of the more proximal limb (stylopod and zeugopod), and a later phase that is associated with the development of the distal limb (autopod) (Andrey et al. 2013; Kmita et al. 2002; Tarchini and Duboule 2006) . This collinear strategy sets up partially overlapping domains of gene expression across the limb that underlie the discrete phenotypes that occur when paralagous Hox genes are mutated. The reported expression of human SHOX and SHOX2 is also regional, with SHOX2 expressed in the developing stylopod, and SHOX expressed in the developing zeugopod (Clement-Jones et al. 2000) . Mouse Shox2 expression, in contrast, occupies both the developing stylopodal and zeugopodal domains even though its mutation primarily disrupts the developing stylopod (Cobb et al. 2006) . Within their broad segmental domains, Shox2, and at least some Hox genes, are expressed in the proliferating chondrocytes and perichondrium of developing skeletal elements (Swinehart et al. 2013; Villavicencio-Lorini et al. 2010) , being thus associated with their continual growth during development.
Gene expression levels can be critical during development, with variation in expression leading to dose-dependent responses. The effects of dosage variation can be assessed by modulating the expression of a single gene, or varying the expression of multiple genes, where genetic interactions, or epistasis, become important. In the latter case, the effect of a given variant differs in the presence and absence of variation in another gene (Phillips 2008 ). For Hox genes, which harbor a large degree of functional redundancy, the quantitative nature of their function is manifest when a certain threshold of gene product is crossed. For instance, removing a single allele of Hoxa13 in an otherwise wildtype animal has far less of an effect on development as when it is removed in conjunction with Hoxd13 disruption (Fromental-Ramain et al. 1996b ). The quantitative response to Hox gene function has been proposed to distinguish 'short' bones from 'long' bones (Gonzalez-Martin et al. 2014) . SHOX function in humans is also dosage-sensitive; a majority of individuals missing one allele of SHOX have moderately shortened zeugopodal segments, while individuals missing both SHOX alleles have a more penetrant and severe shortening (Albuisson et al. 2012; Belin et al. 1998; Rao et al. 1997; Shears et al. 1998; Zinn et al. 2002) . SHOX duplications have furthermore been hypothesized to lead to tall stature (Durand and Rappold 2013; Ogata et al. 2000) , highlighting the interest in SHOX dosage and its effect on limb development. Thus, examining the effects of dosage variation is key to understanding the role of Shox and Hox genes in development and disease.
In the present work, we investigate the functional relationship between Shox2 and Hox genes during mouse limb development. By modulating Shox2 transcript levels in a variety of Hox-mutant backgrounds, we find that these manipulations give non-additive phenotypic changes on limb growth. This approach reveals that the functions of these genes are intimately associated, exhibiting aspects of both synergy and redundancy during limb development, and functioning upstream of Runx2 during chondrogenesis.
MATERIALS AND METHODS

Mice
Mouse lines used: Shox2 fl/+ (Cobb et al. 2006) , Rosa CAG-STOP-Shox2 (Scott et al. 2011 ), HoxD +/-(Del9) (Spitz et al. 2001) , HoxA fl/+ (Kmita et al. 2005) , and Prrx1-Cre (Logan et al. 2002) . The Life and Environmental Sciences Animal Care
Committee approved all animal experiments.
In situ Hybridization
Chromogenic or fluorescence whole-mount in situ hybridization was performed as previously outlined (Neufeld et al. 2013) . For confocal microscopy, limb buds were imaged in 1% low-melt agarose. Single optical sections were taken at 40X using a Zeiss LSM-510 META confocal microscope. Section ISH was performed on 10 μm cryosections as previously described (Alam et al. 2005 ) except that BMpurple (Roche) was used for signal development. Probes used: Shox2 (Cobb and Duboule 2005) , Hoxd9 (Renucci et al. 1992) , Hoxa11 (Cobb and Duboule 2005) , Hoxd13 (Dolle et al. 1991) , Hoxa13 (Warot et al. 1997 ), Col2a1 (Metsaranta et al. 1991) , Runx2 (Cobb et al. 2006) , and Col10a1 (Apte et al. 1992 Differences in transcript levels between groups were assessed with two-tailed unpaired t-tests, using between three and five animals per genotype.
Skeletal staining and length quantification
Skeletons of newborn mice were stained with Alizarin Red and Alcian Blue using standard techniques. The lengths of the Alizarin-Red stained regions of the right stylopodal and zeugopodal elements were measured under a microscope using a densely marked straightedge, giving measurements to the closest tenth of a millimeter. No differences in overall body length were observed between wildtype animals and mutants.
Graphing
Bar plots and interaction plots were made using GraphPad Prism software. Heat maps in Figure 2 were made using the gplots package in R (R Core Team 2013)
Statistical Analysis of Genetic Interactions
To identify epistatic interactions between Shox2 and Hox genes during limb growth, the limbs from three to six animals were measured for each of the 36 genotypes analyzed. A factorial Analysis of Variance (ANOVA) was performed using the lm function in R, considering Shox2, HoxA, and HoxD as independent factors, and the number of functional alleles as levels (or groups in each factor).
The RosaShox2 transgene was considered as an additional Shox2 level. To minimize the number of limb measurements with zero length, which also had zero variance, the Shox2 c/-genotype was excluded from the femur data set, and the HoxD -/-genotype was excluded from the radius and ulna data sets. Following these exclusions, the data sets for each element showed roughly uniform variance and nearly normally distributed residuals (as judged by residuals-vsfitted plots and Quartile-Quartile plots). Differential effects of a given Shox2 mutation between wild-type and mutant-Hox backgrounds were assessed by performing contrasts using the multcomp package (Hothorn et al. 2008) in R. The estimates from these contrasts can be calculated with the following equation (as seen in (Jaccard 1998) , substituting in the average lengths (designated μ) of the four following genotypes:
where ε is the difference between the expected and observed lengths, and Shox2(mut) and Hox(mut) are mutant genotypes for Shox2 and Hox genes.
When there is no genetic interaction, the estimate is zero or close to zero. When a genetic interaction is present, the value is significantly different than zero. To account for multiple comparisons, a Bonferroni correction was used to generate a stringent significance threshold.
RESULTS
To investigate the possibility that Shox2 and Hox genes function together during limb development, we examined their relative expression dynamics using dual , the latter of which selectively marks the developing zeugopod (Nelson et al. 1996) . Hoxd13 was, in contrast, no longer expressed with Shox2, but expanded in the distal region of the limb bud in association with the developing autopod ( Figure 1 , B). At E12.5, Shox2 expression is maintained proximally, along with Hoxd9 and Hoxa11, and Hoxd13 expression surrounds the developing digit condensations. As Hoxa13 is additionally expressed in the developing carpal region (Nelson et al. 1996) , its domain closely juxtaposes that of Shox2 ( Given that the mutation of Shox2 or Hox genes similarly give rise to regional phenotypes and that they have closely associated expression dynamics, we sought to determine whether these genes might function together during limb development. Mice harboring Shox2 mutations (Cobb et al. 2006 ), a complete deficiency of the HoxD cluster (Spitz et al. 2001) , and a Cre-dependent deletion of the entire HoxA cluster (Kmita et al. 2005) were crossed, and the limbs of resultant progeny were analyzed for evidence of epistasis as newborns ( Figure   2 ). Intriguingly, while the removal of an individual Shox2 allele did not lead to limb shortening when the Hox genes were intact, this same mutation gave significantly truncated humeri when the HoxD cluster was disrupted (~30% shorter than previously unrecognized yet sizable role in the growth of the newborn zeugopod.
To verify these results in a statistical framework, and also extend the analysis to each element of the stylopod and zeugopod of both the fore and hind limbs, we used a linear model (ANOVA) to identify significant interactions between Shox2, HoxA, and HoxD alleles (see Methods) (Table S1 ). This analysis revealed epistasis between Shox2 and Hox genes in all elements of the stylopod and zeugopod (with the exception of the developing fibula), where there were significant differences between the observed bone lengths and those expected if there were no interactions (shown as 'estimates' in Table S2 ). These interactions were associated with entire series of genotypes, and were often similar for corresponding skeletal elements of the fore and hind limb ( while Shox2 expression appears throughout the early limb bud (Fig 1, A) , it is likely not expressed in the presumptive digit cells. This view is consistent with a recent study showing fish Hox-enhancers have activity in the 'distal' part of the early mouse limb bud, and that this domain later corresponds to the proximal limb (Woltering et al. 2014) .The coincidence of Shox2 and the early phase of Hox expression may reflect an ancestral functional relationship in the fins of fish, as both Hox genes and Shox2 are expressed in the developing zebrafish fins (Sordino et al. 1995; Thisse 2004) .
It is currently unknown how the rodent evolutionary lineage tolerated the loss of Shox. However, given that Shox is otherwise conserved in vertebrates, expressed in the developing zeugopods of chicks and humans, and required for normal human limb development (Belin et al. 1998; Rao et al. 1997; Shears et al. 1998 ), its loss likely required compensatory changes. We suggest that multiple factors were involved, and one of them could have been expression of Shox2 in the developing zeugopod. This proposal is based on multiple lines of evidence.
First, mouse Shox2 is expressed in both the developing stylopodal and zeugopodal regions (Bobick and Cobb 2012; Cobb et al. 2006) , and since Shox2 Emerging evidence indicates that the activation of Runx2 is a critical point of regulation by these genes (Cobb et al. 2006; Gross et al. 2012; Villavicencio-Lorini et al. 2010 'steep' phenotypic responses are in contrast to the changes that occur from the concomitant disruption of Shox2 and Hox genes. In these cases, the limb is much more sensitive to Shox2 and Hox disruption, giving less drastic, yet more widespread, changes in phenotype. These genetic interactions thus normally confer the ability to buffer the effects of some variation in gene product levels.
Such perspectives provide insight into how the level of robustness of a system influences its response to mutation, and is relevant to the establishment of genetic disease. In this regard, it is interesting to note that both human SHOX and human HOXA11 are considered haploinsufficient loci (Rao et al. 1997; Thompson and Nguyen 2000) , suggesting the zeugopod genetic network they function in may be somewhat sensitive to mutation in general. While the sources of the dosage sensitivity in Hox-Shox networks are unknown, it may furthermore extend to Runx2 regulation, as disruption of a single Runx2 allele causes limb defects (Otto et al. 1997) . We also extensively explored the relationship between under and overexpression of Shox2. In both wild-type and many Hox-mutant backgrounds, Shox2 overexpression did not extend limb length, suggesting Shox2 levels were already present in excess, or 'saturating'. This was in contrast to the most severe Hox backgrounds, where the humerus responded nearly linearly to deletions of Shox2, and conversely, Shox2 overexpression gave significant gains in length. Thus, only in those backgrounds where the limb was most sensitive to Shox2 reductions was the humerus also responsive to elevated Shox2 levels. In addition to providing insight into the constancy of developmental phenotypes, these data may be furthermore relevant to the effects of human SHOX dosage. It is hypothesized that SHOX overexpression leads to tall-stature in humans, which is based on the observation that SHOX deletions are dosage sensitive, and that people with three or more sex chromosomes (and therefore supernumerary copies of SHOX, as SHOX resides on the pseudoautosomal region of the sex chromosomes) are significantly taller than expected (Durand and Rappold 2013) . However, associated with chromosome aneuploidies are changes in hormone levels, which influence the maturation of the growth plate during longitudinal bone growth (Morishima et al. 1995; Smith et al. 1994) , thus confounding interpretations of the cause of tall-stature (Ottesen et al. 2010) . As SHOX deletions are dosage-sensitive, SHOX overexpression alone may very well lead to longer limbs, but we also suggest there are likely limitations to its effects. Available data suggest that the response to SHOX deletions are quite non-linear, where individuals with two deleted copies have a much more severe phenotype than those with a deletion in a single copy (Albuisson et al. 2012; Belin et al. 1998; Schiller et al. 2000; Shears et al. 1998; Zinn et al. 2002) , suggesting the amount of functional SHOX levels may be approaching saturation in people with two intact copies. Thus, any substantial role SHOX overexpression has in overgrowth may be in conjunction with associated changes of having additional sex chromosomes, in line with the hypothesis that SHOX overexpression interacts with hormonal changes (Ogata et al. 2000) .
The possibility that Hox genes regulate Shox2 expression was examined in some animals have similar Shox2 levels as wild-type controls (n=2/2) C) At E14.5, Shox2 is expressed in the proliferating chondrocytes (arrowhead) and the perichondrium (arrow) of wild-type animals, but expression is selectively absent in the perichondrium of HoxA c/ c ;HoxD -/-animals (n=3/3). ch, chondrocytes; pc, perichondrium.
